T hioredoxin (Trx), a small (12-kDa), well characterized protein with a highly conserved active site (Cys-32-Gly-ProCys-35), plays a variety of redox-related roles in organisms ranging from Escherichia coli to man (1) . Intracellular Trx, together partly with peroxiredoxin (2), plays crucial roles in the scavenging of reactive oxygen species and the regulation of redox-sensitive transcription factors including activator protein-1 and nuclear factor-B (3, 4) . In addition, it plays key roles in the regulation of glucocorticoid receptor-mediated signal transduction and thus in the host defense against reactive oxygen species-mediated inflammation (5) (6) (7) .
In addition to its intracellular functions, Trx is released by cells and has been shown to have several cytokine and chemokine-like activities. In fact, human Trx was cloned originally as an immunologically active ''factor'' released in vivo and in vitro by human T cell leukemia virus type I-transformed cells (8) and as an autocrine growth factor produced by Epstein-Barr virus (EBV)-transformed B cells (9) . A series of studies demonstrate the cytokine-like activities of the intact Trx protein (10, 11) and, most recently, of the truncated form of Trx (Trx-80), which has been shown to activate monocytes and to be selectively mitogenic for lymphocytes (12, 13) .
Trx is released from cells in response to oxidative stress (14, 15) . In HIV disease, plasma Trx levels are chronically elevated in a subset of subjects (16) and, when elevated, are associated with poor prognosis in subjects with CD4 T cell counts below 200͞l of blood (15) . Chronically elevated plasma Trx levels also have been detected in hepatitis C virus infection, where the elevated levels are associated with decreased responsiveness to IFN-␣ therapy (17) . In contrast, beneficial effects of acute plasma Trx elevation caused by injection of recombinant human Trx have been demonstrated in ischemic reperfusion injury (18, 19) and other situations in which tissue damage results from neutrophil invasion and oxidant production.
Studies reported here, in which we document the role of circulating Trx in regulating the neutrophil extravasation into inflammatory sites, grow from the recent demonstration that locally administered Trx is a potent chemoattractant for neutrophils, monocytes, and lymphocytes in the mouse air pouch chemotaxis model (20) . This chemokine-like activity of Trx suggests that circulating Trx might inhibit chemotaxis, because previous studies have demonstrated that pretreatment with chemokines blocks chemotaxis in in vitro assays (21, 22) and that, importantly, injection of IL-8 in rabbits (23, 24) also inhibits local chemotaxis induction. We confirm this hypothesis in a recent report that focuses primarily on Trx elevation in HIV disease but also includes our initial studies showing that i.v. injection of recombinant human Trx blocks lipopolysaccharide (LPS)-stimulated neutrophil chemotaxis in the mouse air pouch model (15) .
Here we continue the characterization of this suppression and the mechanisms that mediate it. Thus, we show that (i) elevated plasma Trx levels raised either by i.v. injection of human recombinant Trx into wild-type mice or by stimulation of Trx release in mice that express a human Trx transgene inhibits neutrophil extravasation into the LPS-stimulated air pouch, (ii) Trx directly blocks the in vitro adhesion of LPS-stimulated neutrophils on endothelial cells, and (iii) circulating Trx suppresses the activation of p38 mitogenactivated protein kinase (MAPK) in LPS-stimulated neutrophils and prevents the normal down-regulation of CD62L on neutrophils that migrate into the LPS-stimulated air pouch.
We discuss these studies in the context of the beneficial effects mediated by acutely elevated plasma Trx in ischemia reperfusion injury and interstitial pneumonia and the potentially negative effects mediated by chronic elevation of plasma Trx in HIV and other diseases. In essence, we propose that in both cases the underlying mechanism traces to a physiologically significant inhibition of neutrophil chemotaxis by the circulating Trx.
Methods
Reagents. LPS from E. coli was purchased from Sigma. Recombinant murine KC, monocyte chemoattractant protein-1 (JE), and RANTES (regulated upon activation, normal T cell expressed and secreted) were obtained from PeproTech Ltd. Trx, in which two cysteines at positions 32 and 35 in the active site were replaced with serines, were prepared as described previously (25) and provided by Ajinomoto (Kawasaki, Japan). Anti-human Trx antibody (mouse monoclonal IgG 1 ) was provided by Fuji Rebio. Anti-mouse neutrophil 7͞4 antibody recognizing a polymorphic 40-kDa antigen expressed by polymorphonuclear cells was from Serotec. Anti-CD3 and anti-CD45R antibodies were from Immunotech (Luminy, France). FITCmouse IgG 1 , anti-mouse CD62L antibody, and anti-human intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), CD62P, and CD62E antibodies were from PharMingen.
Chemotaxis in Vivo (Air Pouch Model).
Animal experiments adhered to the Declaration of Helsinki. A dorsal air pouch was created as described previously by injecting male 7-9-week-old BALB͞c or C57BL͞6 mice with 4 ml of air s.c. at days Ϫ7 and Ϫ3. On day 0, 1 g of LPS in 1 ml of sterile pyrogen-free saline was injected into the air pouch. Four hours later, the air pouch was flushed quantitatively with PBS, the recovered volume was measured, and the number of recovered cells was determined by hemocytometer count. The frequency of neutrophils, lymphocytes, and other leukocyte subsets was determined by flow cytometry.
Flow Cytometry. Cells were incubated for 30 min at 4°C with saturating concentrations of the indicated mouse monoclonal antibody labeled either with FITC or phycoerythrin. Cells then were washed and resuspended in PBS, and the cell-associated light scatter and fluorescence were determined with a FACScaliber instrument (Becton Dickinson).
ELISA for Trx. Blood levels of human Trx in mice were measured by sandwich ELISA as described previously (16) . The monoclonal antibodies used to detect human Trx in this ELISA do not crossreact with mouse Trx. Therefore, endogenously produced murine Trx or murine Trx introduced by hemolysis does not influence measurement of human Trx levels in mouse blood.
Detection of p38 MAPK. Human neutrophils were prepared from whole venous blood by Mono-Poly resolving medium (Dainippon Pharmaceutical Co. Ltd., Osaka, Japan). Neutrophils were preincubated with control PBS, 10 g͞ml recombinant wild-type Trx, or 10 g͞ml C32S͞C35S mutant for 30 min at 37°C and then incubated in the absence or presence of 1 g͞ml LPS for 15 min at 37°C. The cells were lysed in lysis buffer containing 2% SDS͞10% glycerol͞50 mM DTT͞0.1% bromophenol blue in 62.5 mM Tris⅐HCl, pH 6.8, and separated by SDS͞PAGE. p38 MAPK and phosphorylated p38 MAPK were detected by Western blotting using anti-p38 MAPK (Cell Signaling Technology, Beverly, MA) and anti-phosphorylated p38 MAPK (New England Biolabs) antibodies. After electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane (Millipore). The membrane was incubated in blocking buffer containing 10% skim milk͞0.05% Tween 20 in PBS followed by incubation with a primary antibody against either p38 MAPK or phosphorylated p38 MAPK. The membrane then was incubated with the respective secondary antibody conjugated with horseradish peroxidase, and the protein of interest was visualized by enhanced chemiluminescence (ECL Western blot detection kit, Amersham Pharmacia Biotech).
Neutrophil Adherence to Endothelial Cells. Human umbilical vein endothelial cells (HUVECs, BioWhittaker) were maintained with endothelial cell basal medium (EBM-2, BioWhittaker) supplemented with EGM-2 (Clonetics Human Cell Systems, BioWhittaker) in a humidified atmosphere of 5% CO 2 ͞95% air at 37°C. For the adherence assay, an endothelial cell monolayer was established by culturing 1 ϫ 10 5 HUVECs per ml for 4 h. Neutrophils (5 ϫ 10 6 per ml) then were introduced and allowed to adhere for 4 h at 37°C, after which the floating cells were decanted, the plate was washed with PBS, and the monolayer and adherent cells were photographed with an Olympus IX70 photomicrography system. To test for inhibition of neutrophil adherence, recombinant Trx or mutant Trx was introduced into the culture before addition of the neutrophils.
Adhesion Assay. A cell adhesion assay was performed as described previously (26) with some modification. Human neutrophils were labeled with 5 M 2Ј,7Ј-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester (Molecular Probes), which was prepared as a 1 mM stock in DMSO, for 1 h at 37°C. After washing with PBS twice, 1 ϫ 10 6 labeled neutrophils per ml were incubated with or without 1 g͞ml of LPS for 3 h and then cocultured with a HUVEC monolayer pretreated with or without 1 g͞ml of LPS in a 96-microwell plate for 1 h in a humidified atmosphere of 5% CO 2 ͞95% air at 37°C. Recombinant Trx or mutant recombinant Trx (C32S͞C35S) was added when the coculture was started. After the coculture, the plate was washed with PBS three times by using a multipipette with wide, open tips. The fluorescence intensity was measured by using a fluorescence microplate reader (Spectra Fluora, Wako, Japan) at the excitation and emission wavelengths of 485 and 530 nm, respectively. Background fluorescence was measured for each plate and subtracted, and 1 ϫ 10 6 labeled neutrophils per ml was totally lysed with 1% Nonidet P-40, with PBS used for sequential standard.
Results

LPS Induces Leukocyte Recruitment in the Air Pouch Chemotaxis
Model. In wild-type C57BL͞6 mice, the introduction of 1 g of LPS suspended in 1 ml of pyrogen-free saline into a previously created air pouch on the animal's back induces rapid recruitment of leukocytes into the pouch. Roughly 3 ϫ 10 6 leukocytes are recovered from the pouch 4 h after LPS is introduced (Fig. 1 Left) , whereas only 2 ϫ 10 4 cells are recovered from control pouches injected with only the saline carrier (Fig. 1 Middle) . Most of the LPS-recruited leukocytes are neutrophils (accompanied by a small proportion of lymphocytes), whereas virtually no neutrophils are recovered from the control pouches ( Fig. 1 Left and Middle).
LPS-Induced Leukocyte Recruitment Is Suppressed in Trx-Transgenic
Mice. Trx-transgenic mice carry a human Trx transgene introduced into C57BL͞6 animals under control of the ␤-actin promoter. The human Trx protein encoded by this transgene is functionally equivalent to murine Trx (27) . Intracellular levels of the human Trx are substantially higher than endogenous (murine) intracellular Trx levels in the transgenic mice. However, despite this overexpression, human Trx is only detectable marginally in blood (Ͻ120 ng͞ml) in untreated mice (Fig. 2 Upper Right). Injection of LPS into air pouches on the Trx-transgenic mice induces rapid release of human Trx into circulation and hence a rapid rise in Trx blood levels. One hour after LPS injection, blood levels of Trx in the Trx-transgenic mice reach Ϸ1 g͞ml. Even 4 h after LPS injection Trx blood levels are still 320 ng͞ml (Fig. 2 Upper Right). This rapid and relatively prolonged increase in Trx blood levels is accompanied by severe inhibition of the recruitment of leukocytes into the pouch. Less than 7% of the cells recovered in LPS-injected pouches on wild-type animals are recovered from the pouches on the Trx-transgenic mice (Fig. 1 Right) . Most of this decrease is caused by inhibition of neutrophil recruitment, which reaches only 5% of the recruitment level in wild-type C57BL͞6. Lymphocyte recruitment, in contrast, is much less inhibited ( Fig. 1 Left and Right).
Injection of Trx Blocks Leukocyte Recruitment. Injection of 40 g of Trx i.v. raises circulating Trx levels to levels comparable to those in LPS-injected Trx-transgenic mice (Fig. 2 Upper Left) . The half-life of Trx in the blood calculated from the observed decay in Trx levels is Ϸ1 h.
When the Trx is injected just before introduction of LPS into the air pouch, the total numbers of LPS-recruited leukocytes decrease in proportion to the amount of Trx injected: injection of 0.4 g of Trx minimally decreases recruitment; injection of 4 g decreases recruitment by nearly 80%; and injection of 40 g virtually completely inhibits recruitment (Fig. 2 Lower Left). Thus, exogenously introduced Trx in wild-type mice behaves identically to the internally produced human Trx that is released into blood in the transgenic mice. In both cases, the elevated levels of circulating Trx strongly inhibit LPS-induced chemotaxis.
Both oxidized Trx (Trx-S 2 , actually the oxidized form of the Trx active site) and reduced Trx (Trx-(sulfhydryl) 2 ) inhibit chemotaxis equally when injected into animals. In contrast, redox-inactive recombinant C32S͞C35S mutant Trx, in which two cysteines in the active site were replaced with serines, did not inhibit LPS-induced chemotaxis ( Fig. 2 Lower Right). Because reduced Trx tends to be oxidized rapidly in circulation, it is likely that oxidized Trx is the active mediator of the Trx chemotaxis inhibition.
Trx Suppresses p38 MAPK Activation in Neutrophils. Incubating human neutrophils with 1 g͞ml LPS for 15 min increases the levels of phosphorylated p38 MAPK detectable in cell lysates. Preincubation of the neutrophils with recombinant wild-type Trx suppresses this phosphorylation, whereas preincubation with C32S͞C35S mutant Trx results in a slight enhancement (Fig. 3) . In contrast, incubating lymphocytes with LPS does not dramatically increase p38 MAPK phosphorylation, and there is no significant effect of Trx preincubation (Fig. 3) .
Trx Selectively Suppresses the LPS-Induced Down-Regulation of CD62L
on Neutrophils. In LPS-stimulated animals, CD62L (L-selectin) is down-regulated and shed from neutrophils just before they start rolling on the vessel wall preparative to adhering to the endothelial cells, although it is not down-regulated markedly on circulating neutrophils (28) (29) (30) . In the air pouch model, CD62L is markedly lower on the neutrophils that enter the pouch by LPS stimulation (Fig. 4 Top) . However, when circulating Trx is present, this LPS-induced CD62L down-regulation is inhibited, as is migration into the pouch (Fig. 4) . Thus, the few neutrophils that succeed in entering the pouch when Trx is elevated in circulation show substantially more CD62L than the uninhibited migrants that enter the pouch in the absence of circulating Trx.
In contrast, the expression of CD11b͞CD18 on infiltrated neutrophils in the pouch is up-regulated in LPS-stimulated animals but is not influenced by elevated Trx either in Trxinjected or Trx-transgenic mice stimulated to release Trx into circulation (data not shown).
Trx Inhibits in Vitro Adhesion of Neutrophils on Endothelial Cells.
When human leukocytes are activated in vitro by LPS, they readily adhere to monolayers of HUVECs. This adhesion is inhibited by the addition of 40 g͞ml recombinant Trx but not mutant recombinant Trx (C32S͞C35S) to the culture just before the addition of the leukocytes (Fig. 5) . Thus, the site that mediates the classical Trx redox functions is necessary for the inhibition of leukocyte adhesion. This inhibition is not caused by an alteration of the expression of adhesion molecules such as ICAM-1, VCAM-1, E-selectin, and P-selectin, which are expressed on the endothelial cells and known to play important roles in the adherence of neutrophils (Table 1) .
Leukocyte Recruitment Induced by KC, Monocyte Chemoattractant Protein-1 (MCP-1), and RANTES Is Suppressed in Trx-Transgenic Mice.
Similar to LPS, murine chemokines (KC, MCP-1, or RANTES) stimulate chemotaxis in the air pouch model in C57BL͞6 mice. Similarly, as with LPS stimulation, chemotaxis by the murine chemokines is inhibited dramatically in the Trx-transgenic mice (Table 2) . Of the three chemokines, KC is the most chemotactic for neutrophils and is the most inhibited in the transgenic mice. This inhibition of classical chemokine activity is consistent with the known ability of LPS to stimulate production of multiple chemokines. Thus, these findings validate the Trx inhibition of chemotaxis in the LPS model used for most of our studies and show that the inhibition reflects a broad regulation of chemokine activity by elevated levels of circulating Trx.
Discussion
The studies presented here demonstrate that elevated levels of Trx in circulation, caused by either stimulated release of Trx in Trx-transgenic mice or to i.v. injection of Trx, block chemotaxis induced by LPS or chemokines in a standard chemotaxis (air pouch) model. This finding is consistent with the recent demonstration that Trx is itself chemotactic for neutrophils, macrophages, and lymphocytes (20) , because previous studies have shown that elevated levels of a classical chemokine such as IL-8 blocks the extravasation of leukocytes into inflammatory sites (31) . Thus, Trx takes its place next to classical chemokines, both with respect to the ability to recruit leukocytes when injected locally and the ability, as a circulating molecule, to inhibit leukocyte recruitment by other chemotactic agents.
We have shown also that circulating Trx inhibits the LPSinduced neutrophil recruitment more dramatically than lymphocyte recruitment. Furthermore, we have shown that Trx inhibits chemotaxis induced by murine chemokine KC, which primarily recruits neutrophils into the air pouch, more dramatically than chemotaxis induced by MCP-1 or RANTES, which tend to recruit more lymphocytes than neutrophils. Thus, we have demonstrated clearly that circulating Trx is more effective in controlling neutrophil recruitment to inflammatory sites than it is for controlling lymphocyte recruitment.
The mechanism(s) responsible for this differential recruitment and its selective inhibition have yet to be elucidated fully. We have presented in vitro data showing that Trx inhibits the LPS-induced activation of p38 MAPK in neutrophils but not in lymphocytes. Activation of p38 MAPK is one of the initial events in the intracellular signal transduction in LPS-activated neutrophils. Although previous studies have shown that intracellular overexpression of Trx suppresses the activation of p38 MAPK (32) , the studies presented here show that exogenous Trx suppresses intracellular activation of p38 MAPK. The demonstration of this activation in neutrophils and its suppression by Trx introduces a key mechanism through which Trx can selectively inhibit LPS-induced neutrophil extravasation.
The demonstration that circulating Trx inhibits down-regulation of the CD62L, which occurs in the absence of Trx as neutrophils migrate into the LPS-stimulated air pouch, is consistent with this idea. Importantly, CD62 down-regulation may be mediated wholly or in part by the suppression of p38 MAPK activation (33) . Furthermore, the Trx-mediated down-regulation of neutrophil CD62L in the absence of Trx-mediated alteration in the expression of endothelial cell adhesion molecules known to be involved in neutrophil extravasation, i.e., ICAM-1, VCAM-1, CD62P (Pselectin), and CD62E (E-selectin; ref. 34) , indicates a selective Trx effect on neutrophil physiology. Thus, the available evidence collectively supports the idea that circulating Trx selectively interferes with neutrophil extravasation at sites of inflammation.
The recognition that circulating Trx can block neutrophil invasion in inflammation has sharp implications in the medical arena. Administration (i.v.) of human recombinant Trx has been shown to attenuate ischemia-reperfusion injury in rats, rabbits, and dogs (18, 19) . Similarly, focal ischemic brain damage is decreased in the Trx-transgenic mice studied here (27) , and resistance to autoimmune-induced and streptozotocin diabetes is HUVECs were precultured in the absence or presence of LPS and Trx for 3 h. Expressions of ICAM-1, VCAM-1, CD62P (P-selectin), and CD62E (E-selectin) were analyzed by flow cytometry. The mean fluorescence intensity of each is shown. Similar results were obtained in three different experiments.
increased in Trx-transgenic mice that specifically express Trx under control of the insulin promoter in pancreatic ␤ cells (35) . Moreover, in lung fibrosis induced by bleomycin and interstitial pneumonia induced by daily cytokine injection, leukocyte infiltration into the interstitial space is attenuated dramatically in Trx-transgenic mice or in mice injected with recombinant Trx (T. Hoshino, M. Nakamura, M. Okamoto, S. Araya, O. Shimazato, H. Young, K. Oizumi, and J. Yodoi, unpublished observation). A similar observation was reported in transgenic mice expressing an acute phase protein, C-reactive protein, where elevated plasma C-reactive protein suppresses infiltration of neutrophil into bronchoalveolar lavage fluid and alveolitis (36) .
The beneficial effects of Trx in these models were ascribed initially to the ability of Trx to relieve oxidative stress under the assumption that the reduced form of Trx was the active agent. However, more recent data (37) indicates that Trx, whether injected or released from cells, is oxidized rapidly in circulation and therefore must be acting in a capacity other than as a reductant. Thus, it is more likely that the protective effects of Trx in inflammatory situations reflect the ability of Trx to inhibit leukocyte extravasation.
Leukocyte extravasation, however, is not always harmful. It is a key component of innate immunity and provides early protection when certain pathogens invade the host. Under these conditions, Trx inhibition of leukocyte extravasation may be harmful rather than helpful. For example, we have shown previously that chronic elevation of circulating Trx is associated with decreased survival in HIV disease, particularly among subjects in which the adaptive immune system is compromised severely (15) . The decreased survival in these subjects, we suggested, is caused by the Trxmediated impairment in innate immunity in individuals who lack functional adaptive immunity. In other words, although administration of recombinant Trx offers a new tool for the prevention and treatment of pathogen-free disorders initiated by leukocyte infiltration, it may worsen the inflammation caused by some pathogens. Therefore, therapeutic use of Trx, similar to the therapeutic use of glucocorticoid, requires caution. Infiltrated cell numbers (ϫ 10 5 ) were shown as the mean Ϯ SD.
